The feasibility was investigated to substitute chrome-free passivation treatment of electrodeposited zinc in a titanium bath for chromate passivation treatment. The formation mechanism of the chrome-free passivation film was further analyzed. The surface morphologies and the elemental compositions of the treated samples with varied immersion times were observed by scanning electron microscopy (SEM) and determined by energy dispersion spectrometry (EDS), respectively. The electrode potential of the sample surface was recorded in the film formation process. The changes of the electrode potential are in accordance with that of SEM and EDS of the sample surface. The results of X-ray photoelectron spectroscopy (XPS) show the chrome-free passivation film composed of ZnO, SiO 2 , TiO 2 , Zn 4 Si 2 O 7 (OH) 2 , and SrF 2 . The anode zinc dissolution and the local pH value increase due to the cathode hydrogen ion reduction process result in the formation of the chrome-free passivation film. The macro-images of the chrome-free passivation films formed on electrodeposited zinc show that the color of the film changes from blue to iridescence with the increase of the immersion times.
1 Introduction * Zinc is widely used as a coat material in steel coating to reduce corrosion. In this case the zinc acts as a sacrificial anode providing high corrosion resistance. However, a corrosion product, Zn(OH) 2 , rapidly forms when the zinc coat is exposed to atmosphere or immersed in an aqueous solution. To avoid this, chromates are utilized as an efficient inhibitor to hinder corrosion of zinc. So far, the chromate passivation still remains one of the most efficient surface treatments for electrodeposited zinc. However, the wide use of noxious solutions always presents troublesome effluent disposal problems. The ever-increasing public concerns about the noxious and carcinogenic industrial wastes largely limit the future applications of the chromate passivation *Corresponding author. Tel.: +86-10-82317113.
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In response to the appeals for an eco-friendly coating technology, new non-toxic passivation films together with high corrosion resistance have been unceasingly developed. Chrome-free processes like zirconium, titanium and hafnium compounds with an addition of fluorides have found their first applications in the container industry [1] [2] [3] . Recently, new types of passivation films have been produced by immersion in solutions containing cerium chloride [4] [5] [6] [7] or other rare earth metal chlorides such as lanthanum [8] . In this paper, in the course of successful preparation of a titanium-based passivation film of electrodeposited zinc, a kind of chromate-free passivation films, special attentions was paid to the formation process of the film.
Experimental Procedure
On the plate-substrates each measured 20 mm ×40 mm×1 mm were electrodeposited to form a 9-12 μm thick zinc layers. The samples were immersed in 3 wt.% HNO 3 at 20 ℃ for 3-6 s followed by a thorough rinse in distilled water. After activation and rinsing by water, the samples were again immersed in the titanium bath for 1-300 s with agitation. The chrome-free passivation films thus produced on the electrodeposited zinc were finally dried up by blowing air.
The surface morphologies were observed by scanning electron microscopy (SEM, S-530). The elemental compositions of the samples were determined by energy dispersion spectrometry (LINK ISIS EDS). The X-ray photoelectron spectroscopy of the passivation films was recorded using an X-ray photo-electro-spectrometer (PHI Quantera SXM) with Al-Kα radiation as the X-ray source. The surface macro-images were taken by a Canon DIGI-TAL IXUS 30.
The electrode potential of the surface of the samples was recorded in the film formation process. A saturated calomel electrode (SCE) was used as reference electrode.
Results and Discussion

Morphology and composition of the film in the film formation process
SEM micrograph in Fig.1(a) shows the bare electrodeposited zinc. The sample surface is not smooth and zones of different depths (concave convex) exist. The chemical composition of the bare electrodeposited zinc by EDS analysis is Zn 92.67, O 7.33 (at.%). The element oxygen comes from the zinc oxide caused by the zinc exposed to open air. Fig.1(b) shows the sample treated in the titanium bath for 5 s. The sample surface is smooth and the composition of the sample is Zn 92.25, O 7.75 (at.%). This indicates that the zinc dissolves and there are not any film forming elements deposition. According to the previous research [9] , the elements of Ti, Si, Sr and F are the composition of the chrome-free passivation film. This indicates that compounds of the film have formed on the surface of the sample. SEM micrograph in Fig.1(d) shows the electrodeposited zinc treated in the passivation bath for 45 s. The whole surface of the sample is deposited as the granule structure. When the sample treated for 60 s, the granules become small (Fig.1(e) ). For the sample treated longer, the granule structure dis-appears and the surface becomes very smooth ( Fig.1(f) ). When the sample treated in the bath up to 300 s, the morphology of the sample becomes highly smooth, which was observed from SEM micrograph ( Fig.1(h) ).
As shown in Table 1 , the contents of Ti, Si, Sr and F increase with the immersion times in the titanium bath from 15 to 300 s. The results of the EDS indicate that the film becomes more integrated and thick. Fig.2 shows the surface electrode potential of the sample with varied immersion times. The electrode potential reflects the surface state of the sample. For the immersion times from 1 to 5 s, the electrode potential of the sample decreases. It is in accordance with the corrosion state of surface ( Fig.1(b) ). Then the electrode potential of the sample increases fast up to 45 s and increases slow from 45 to 90 s. As shown in Fig.1(d) , (e), (f), the sample surface becomes more intact and uniformly. The electrode potential of the sample is steady when the immersion time up to 100 s. As shown in Fig.1(g) , (h), the sample surface changes a little. Fig.2 Electrode potential of the sample with varied immersion times.
Electrode potential of the film in the film formation process
XPS analysis and formation process of the film
XPS was used to analyze the chemical composition of the passivation film. The XPS for the sample after sputtered with Ar + at a rate of 0.13 nm/s for 2 min are shown in Fig.3 . Fig.3 The whole XPS of the chrome-free passivation film.
The whole XPS of the chrome-free passivation film (the sample treated in the titanium bath for 45 s) is shown in Fig.3 Table 1 , the atomic ratio of Sr:F is about 1:2.
According to the binding energies of pure compounds and previous research [10, 11] , the passivation film is mainly composed of ZnO, SiO 2 The anodic reaction is of zinc dissolution and the cathodic reaction is of hydrogen evolution. The increases of local pH value near the surface lead to the precipitation of titanium hydroxide, zinc hydroxide, and silicon hydroxide on the zinc surface. Then the dehydration of the hydroxides may react and the chrome-free passivation film forms on the electrodeposited zinc. Fig.4 shows the macro-images of the film with varied immersion times. 
Macro-images of the passivation film in the film formation process
Conclusions
The possibility of producing protective chrome-free paasivation films on electrodeposited zinc for anti-corrosion is explored. The film is composed of ZnO, SiO 2 , TiO 2 , Zn 4 Si 2 O 7 (OH) 2 , and SrF 2 . The film formation process is investigated. The anodic zinc dissolution and the local pH value increase due to the catholic hydrogen ion reduction process, thus resulting in the formation of the passivation film. The passivation film grows fast initially and following by slow growth. The further studies are still needed to be done in the investigation of the anti-corrosion behavior of the chrome-free passivation film obtained from the titanium bath.
